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Isotopologues are molecules that differ from the parent
molecule only in their isotopic composition. For example,
ordinary light water (H,0), semi-heavy water (HDO),
and heavy water (D,0) are isotopologues of the same
molecule. They have the same chemical formula and
bonding arrangement of atoms, but at least one atom has
a different number of neutrons than the parent. Isotopo-
logues that differ only by the location of an isotopically
modified element are called isotopomers. For example, the
3N isotope in the N,O molecule can be either next to the
oxygen atom or second next to it; thus, N° NO and PNNO
are isotopomers of the same molecule. Detecting isotopo-
logues of different molecules is critical in such fields as
astrobiology, biogeochemistry, personalized medicine, and
forensics, with mass spectrometry being a major technique
to distinguish between different isotopologues. In this
article, I focus on a new technique for detection of isotopo-
logues based on laser spectroscopy. The backbone of this

technology is massively parallel spectroscopic probing in
the mid-infrared spectral region by a frequency comb — a
broad spectrum composed of some million phase-locked
equidistant sharp spectral lines — produced by a subhar-
monic optical parametric oscillator (OPO). Through
assessing their unique rotational-vibrational absorption
signatures, we are able to simultaneously detect numerous
molecules and their isotopologues in a mixture of gases, in
real time and with one part-per-billion detection capability.

1 INTRODUCTION

Detecting isotopologues plays an important role in both
scientific studies and applications. Numerous examples
include chemistry,(» biology and microbiology,®*
study of terrestrial biosphere,® geochemistry and
geophysics,®”  astrophysics,®? study of metabolic
processes in biology and medicine, 12 medical diag-
nostic via breath analysis,!31% radiocarbon dating,(>19
detecting the origins of prohibited drugs,'” and in single-
molecule surface-enhanced Raman spectroscopy.(®
Also, detection of isotopologues such as BC!°0O, HDO,
and CH;D in atmospheres of exoplanets (planets which
orbit stars outside the solar system) through ground-
based astronomical observations provide unique insights
into planets’ formation and evolution.(?

Coherent laser beams provide unique prospect for
sensing molecules through their resonant absorption
features — either remotely or locally via multipass action.
A privileged window for ultrasensitive molecular spec-
troscopy is the 3-20pm portion of the mid-infrared
(mid-IR) spectrum, where the strongest rotational-
vibrational absorption lines can be addressed. For
example, using mid-IR laser spectroscopy, the sensitivity
of the measurement of radiocarbon dioxide (4CO,) with
respect to the main isotopologue (1>CO,), down to parts
per quadrillion (10~1) has already been demonstrated.(>
Thus, laser methods can successfully compete with mass
spectrometry offering the benefits of compactness and
much lower price. Figure 1 shows absorption lines
of water molecule (H,O) and its three isotopologues
(H,'80, H,'70, and HDO). This example illustrates the
richness of spectral information in the mid-IR region.

2 FREQUENCY COMBS AND THEIR
SPECTROSCOPIC APPLICATIONS

Optical frequency combs — manifolds of evenly spaced
and phase-locked narrow spectral lines produced by
phase-stabilized femtosecond lasers — were introduced in
the late 1990s and have revolutionized accurate measure-
ments of frequency and time, as well as spectroscopic
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Figure 1 Infrared absorption spectra of the gas-phase water molecule (H,0) and its three isotopologues (H, 0, H,7O, and HDO)
in the mid-IR range of 1800-4000 cm™! (wavelength range 2.5-5.5 pm). The plot was created using data from the HITRAN database.

(Gordon et al.?” Reproduced with permission of Elsevier.)

measurements,?22 and culminated in the 2005 Nobel
Prize in Physics. Also, it has been shown that in spec-
troscopic applications, frequency combs can successfully
compete with narrow-linewidth tunable lasers. Spectro-
scopic techniques with frequency combs include several
scenarios: (i) where a broadband comb directly interro-
gates an absorbing sample after which the spectrum is
dispersed in two dimensions and sensed with detector
arrays,?>29 (ii) a frequency comb is used as a light source
in a Michelson-interferometer-based Fourier-transform
spectroscopy,?6-3% and (iii) where two mutually coherent
frequency-combs are superimposed and used to perform
the dual-comb spectroscopy (DCS).G1=3% In the DCS
method, a second frequency comb, with a small offset
of mode spacing (same as an offset in the pulse repeti-
tion rate), effectively plays the role of the time-delayed
second arm in the Michelson interferometer. However,
this technique requires high degree of coherence between
the two combs, and most reports that simultaneously take
full advantage of the dual-comb technique (broad spec-
tral coverage, comb-tooth resolved spectra, and rapid
scans) have privileged, until recently, the near-infrared
domain.>-37)

Most recently, the advent of optical frequency combs in
the ‘signature’ mid-IR region considerably improved both
the precision and sensitivity of molecular detection.383%)
Proof-of-principle demonstrations with frequency combs
have been carried out by a number of groups in the

wavelength region between 2.4 and 10 pm,323440-48)
although with a limited instantaneous spectral coverage.

Ideally, for simultaneous detection of an assortment of
molecules with different functional groups, one needs a
spectrally broad frequency comb spanning an octave or
more. Recently, it has been revealed that highly coherent
and broad-bandwidth mid-IR combs can be created in
a synchronously pumped OPO operating at degeneracy,
which is also referred to as divide-by-2 subharmonic OPO
or half-harmonic generator.*>D In such a divide-by-2
OPO, where the spectrum that spans well above an octave
in the mid-IR can be produced, the output is inherently
frequency- and phase-locked to the pump.©? The relative
linewidth between the comb teeth of the pump laser and
its subharmonic has been measured to be well below
1 Hz.03>% This suggests high coherence of the generated
OPO combs that allows long coherent averaging of the
interferograms, which in its turn affects the signal-to-noise
ratio of the acquired molecular spectrum.

3 DUAL-COMB MID-IR SYSTEM BASED ON
SUBHARMONIC GENERATION

In our novel approach to DCS, we use a pair of highly
coherent broadband subharmonic generators. The
system starts with two optically referenced phase-locked
thulium (Tm) fiber-laser frequency combs that pump
two independent OPOs.5> The lasers had the following
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Figure 2 Schematic of the DCS setup. A pair of phase-locked Tm-fiber laser combs pumps a pair of subharmonic OPOs. Their
beams are combined, passed through a 76-m multipass gas cell, detected with an InSb detector, digitized, and fast Fourier transformed
to retrieve the optical spectrum. LPF, longpass (>2.5 um) filter. The insets show the setup general view and the central portion of a

typical interferogram.

parameters: central wavelength 1.93 um, repetition rate
frep=115MHz, pulse duration 90fs, and average power
~300mW for each laser. To stabilize the frequency comb
for each Tm laser, part of the oscillator light was amplified
to generate a supercontinuum (SC) spanning 1-2.3 pm
in a nonlinear silica fiber. While the 1.1- and 2.2-pm SC
components were used to measure the carrier-envelope
offset by f-to-2f interferometry,53°% the SC component
near 1.56 pum was used get frequency beats with a stable
continuous-wave (CW) reference diode laser. These
two beat frequencies were coherently locked to fixed
values, such that the frequency comb teeth had the same
linewidth (3kHz) as the CW reference.

The twin Tm-fiber comb system with an offset of repeti-
tion frequencies of Af;., = 138.5 Hz pumped two identical
broadband subharmonic OPOs. Each OPO (Figure 2)
had a ring-cavity bow-tie design with low roundtrip
group delay dispersion achieved by using low-dispersion
mirrors, a thin nonlinear gain crystal (0.5-mm-long
orientation-patterned gallium arsenide, OP-GaAs) and a
thin intracavity CaF, wedge (not shown in Figure 2) for
the group-velocity dispersion control. The same wedge

was used for the OPO beam outcoupling.®> A low pump
threshold of ~10mW for each of the OPOs was typical
for such a doubly resonant system.®? The instantaneous
spectral coverage of our DCS setup was 3.14-5.45 pm
(1835-3185cm!) at —25dB level, set by the spectral
overlap of the two OPOs.

The beams from the two OPOs with the average power
of few mW in each beam were spatially combined,
passed through a multi-pass gas cell (AMAC-76LW from
Aerodyne, 76-m path length, 0.5-L volume) filled with
a mixture of gases and sent to a detector (InSb from
Kolmar, 77K, 60 MHz, long-wave cut-off 5.6 pm). The
detector output was fed into a 16-bit analog-to-digital
(AD) converter (AlazarTech, ATS9626). To avoid the
folding of the dual-comb radiofrequency (RF) spectrum,
the AD converter input was low-pass filtered to <50 MHz
(for the bandwidth to be less than half of the frequency
comb repetition rate).

The measurements were performed in the two regimes:

1. The comb-mode-resolved regime with a continuous
recording of multiple interferograms over a time
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window of up to 40s with no averaging. In this case,
we were able to record the whole spectrum spanning
3.14-5.45 pm and resolve comb modes with a finesse
of 4000.9

2. Recording single interferograms with the time
window of 1/Af.,=72ms, where up to more than
100000 interferograms were coherently averaged in
real time. In this regime, we acquired about 350000
spectral data points spaced in frequency by the inter-
modal interval of 115MHz. For the isotopologues
study, this scenario was preferable since the measure-
ments were much faster (from seconds to minutes)
and required much less computer memory. The
sampling interval of 115 MHz, corresponding to the
mode spacing, was adequate for recording Doppler-
broadened spectral features of the molecules under
study. The inset to Figure 2 shows a typical DCS
interferogram (its 4-ps portion of the full 72-ms
record).

4 MEASUREMENTS WITH A MIXTURE OF
GASES

To demonstrate parallel spectroscopic detection of
multiple species, we filled the optical cell with a mixture
of ten molecular gases: N,O (nitrous oxide) at a concen-
tration of 42ppm, NO (nitric oxide) at 420 ppm, CO
(carbon monoxide) at 120 ppm, OCS (carbonyl sulfide)
at 26 ppm, CH, (methane) at 1500 ppm, C,Hy (ethane) at
490 ppm, C,H, (ethylene) at 540 ppm, C,H, (acetylene)
at 6600 ppm, CO, (carbon dioxide) at 280 ppm, and
H,O (water vapor) at 2100 ppm. The buffer gas was N,
and the total pressure 3 mbar. We coherently averaged
single DCS interferograms, each with a time window of
1/Afep =72 ms, with the total number of averages ranging
from N,,. =100 to 400 000.

A typical detector signal is shown in the inset to Figure 2
and the retrieved transmission optical spectra, after fast
Fourier transforming the detector signal — in Figure 3.
For a baseline (Figure 3a), we used the spectrum taken
with the evacuated gas cell, where, atmospheric gases
outside of the cell, mainly carbon dioxide and water
vapor, contributed to the dips seen in this spectrum. The
‘sample’ spectrum (Figure 3b) — when the optical cell
was filled with a mixture of gases — reveals characteristic
absorption features of different molecules.

Figure 4 displays the absorbance spectra, —In(7/7}),
where 7 is the transmission of the ‘sample’ cell and T
is that of the evacuated cell, for nine molecules — all
that were used in the mixture of gases (except H,O).
Also shown are theoretical spectra (inverted in sign)
from the high-resolution transmission molecular absorp-
tion (HITRAN) database for the given conditions. We
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Figure 3 (a) Optical spectrum (log scale) retrieved from a
single coherently averaged interferogram (N,,, =100000) when

ave
the gas cell was evacuated. Absorption dips originate from atmo-

spheric gases outside the cell. (b) Optical spectrum with the gas
cell filled with a mixture of ten gases (OCS, N,O, NO, CO, CH,,
C,H,, C,H,, C,H,, CO,, and H,0) in N, buffer gas at 3 mbar
total pressure. The two curves are vertically offset for clarity.

observed an excellent matching to the HITRAN for
all the molecules, in terms of peaks’ center position
and linewidth. In most cases, our spectral sampling
(115MHz or 0.004cm™!) was better than the Doppler
broadened linewidths AVEWHM of the molecules under
study (Avp V"™ varied from 99 MHz for OCS to 283 MHz
for CHy).

With the above mixture of 10 molecules, we were able
to detect and measure concentrations for 12 of their
isotopologues that are present in small abundancies,
1072-10~* with respect to the main molecule. These
include OC3*S, O3CS, OC*S, NI>NO, °NNO, N, 0,
3o, C¥O, *CHy, 1¥CO,, CBOO, and COO0. Figure 5
shows the most prominent absorption peaks for these 12
isotopologues.

5 MOLECULAR DETECTION IN AMBIENT
AIR

In a separate experiment, we measured DCS spectra of
ambient air with the focus of detecting trace molecules
and isotopologues. The gas cell was filled with room air
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Figure 4 Absorbance spectra for nine molecules (N, buffer gas with 3-mbar total pressure) obtained by normalizing the ‘sample’
spectrum to that of the empty-cell spectrum of Figure 3. Also shown are theoretical (HITRAN database) absorption spectra, which

are inverted for clarity (theoretical peaks are looking down).

at p =10 mbar and single interferograms were coherently
averaged. In addition to water and CO,, we detected and
quantified nine other molecules naturally present in the
atmosphere in trace amounts, with their spectra shown
in Figure 6. These molecules are CO at a concentration
of 280 ppb (parts-per-billion), N,O at 240 ppb, CH, at
1.4 ppm, three isotopologues of CO,:3CO,, C1¥00, and
C"00 at 3ppm, 1.3ppm, and 220 ppb respectively, and
three isotopologues of water: H,'*0, H,!7O, and HDO
at 160, 30, and 25 ppm, respectively. With N,,. =100000
(12 min recording time) the characteristic peaks of HDO
were detected with a signal-to-noise ratio of ~100. For
each of the above molecules in air, the concentration was
derived via comparison of absorption peaks’ strength with
the HITRAN simulations.

6 ABSOLUTE FREQUENCY
REFERENCING AND RESOLUTION
LIMIT

Our optical spectra were referenced to radio frequencies
only: the frequency counters for measuring f., and Af,
the frequency synthesizers that generated offsets for Tm-
fiber combs, and the clock of the A/D card — were all
stabilized against a 10 MHz quartz oscillator locked to a
Rb-clock (FS725 from Stanford Research Systems). Its
absolute accuracy of ~10~10 corresponds to ~8 kHz accu-
racy of the absolute optical referencing.

In principle, one can achieve the spectral resolution
on the order of the absolute comb linewidth (3kHz)
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Figure 5 Spectra of isotopologues detected in a mixture of gases at 3 mbar. (a) OC*S, (b) O3CS, (c) OC*S, (d) NSNO, (e) SNNO,
(D) N,'B0, (g) *CO, (h) C*O, (i) BCH,, (j) *CO,, (k) C'¥00, (1) COO0. Also shown are theoretical (HITRAN) absorption spectra,

which are inverted for clarity.

by taking comb-tooth resolved spectra and repeating
measurements with frequency-shifted combs (so-called
interleaving of the comb spectra).

7 DETECTION SENSITIVITY

Table 1 displays minimal detectable concentrations for
different molecules and their isotopologues obtained
in our experiment with a setup that uses a multipass
cell with the path distance of 76m, and the acquisi-
tion time of 720s. (For shorter acquisition times 7, the
signal-to-noise ratio scales as \/;.) Here, we define the
minimal detectable concentration is such a way that the
corresponding absorbance is 3o, where o is the laser
noise — relative standard deviation of the spectral power
density in a given spectral region. For example, at t=720s
(N,ye =100000), in the central part of our detection band

6~ 1073, which means that we can detect absorption
peaks that are 0.3% deep.

The above detection limits can be further improved by
using the following two strategies:

1. One strength of DCS is that it uses only a single
detector to record millions of spectral points.
However, the downside is the so-called ‘multi-
plexed penalty’ — the spectral noise increases as
the number of spectral elements (comb teeth) M
increases. As a result, the signal-to-noise ratio in
DCS scales as 1/t/M.®3 Consequently, reducing the
bandwidth of the frequency comb and limiting it to
the range of the strongest absorption features for
the molecules of interest can improve SNR in the
dual-comb measurements. This can be done either
by using an optical filter or, in some occasions, by
adjustment of the OPO cavity parameters. Unless
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Figure 6 Spectra of trace molecules in ambient air taken at 10-mbar pressure. (a) CO, (b) N, O, (c) CH,, (d-f) three isotopologues
of CO,, (g-i) three isotopologues of water. Also shown are theoretical (HITRAN) absorption spectra, which are inverted for clarity.

Table 1 Detection limits for different molecules (and their isotopologues)

Molecule
(including isotopologues)

Detection limit (3c) with the acquisition time
of 720's and full bandwidth 3.1-5.5 pm

Detection limit (3c) with the acquisition time
of 720's, reduced bandwidth (100-150 cm™!), and

(1350 cm™1) multi-line analysis
CO, 2 ppb 30 ppt
CO 11 ppb 160 ppt
CH, 105 ppb 1.5 ppb
OCSs 9ppb 130 ppt
N,O 7 ppb 100 ppt
HDO 90 ppb 1.3 ppb

one needs massive parallelism of molecular detec-
tion, one can reduce the spectral band from, e.g.
1350cm™! to 100-150 cm~!, which is a typical value
for ro-vibrational bands.

An important advantage of broadband spectroscopy,
such as DCS, is the ability to detect multiple absorp-
tion peaks. This allows achieving lower detectable
concentrations than with single-peak measurements.
When applied to broadband spectra, the multi-line
analysis can significantly (by ~ \/N, where N is
the number of peaks) decrease the concentration
detection limits.1%2737-3%) Typically, such methods as
cross-correlation are used for spectrum characteriza-
tion, where the theoretical noise-free spectrum from

a database is used as a cross-correlation template.
Overall, multi-line analysis can improve the sensi-
tivity by a factor of 5-10. For example, by applying
cross-correlation with the HITRAN spectrum, we
were able to identify the C7O isotopologue in a
mixture of gases, as of Figure 5, despite the fact
that the natural abundance of C70 (3.7 x 10~ with
respect to the parent CO molecule) is very low, 5.5
times smaller than that of C!80, whose absorption
peaks were barely detectable in the DCS spectrum.
Shown in the last column of Table 1 are minimal
detectable concentrations that can be achieved
when the two above approaches for sensitivity
enhancement are used.
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Finally, it is worth noticing that the optical absorption
spectroscopy provides the capability of absolute isotopo-
logues’ concentration measurements. This is based on
the fact that once the optical absorbance is measured in
experiment, one can easily extract the absolute concen-
tration for a given type of molecule using known absorp-
tion cross-sections (from existing databases), optical path
length, and the total pressure of the gas.

8 FUTURE DUAL-COMB SYSTEMS FOR
ULTRASENSITIVE ISOTOPOLOGUES
DETECTION

To realize the full potential of the DCS approach, new
systems are under study in our group, that would allow
extending the combs into the long wave-infrared and
THz regions. One particular project involves a subhar-
monic OPO setup that uses a newly developed nonlinear-
optical crystal, orientation-patterned gallium phosphide
(OP-GaP), pumped by an ultrafast 2.35-pm Cr:ZnS solid
state laser. The OPO produces a record-wide instanta-
neous output spectrum of 3—-12.5pum that is more than
two octaves in frequency span.®” The next step for this
development is building a pair of phase-locked OPOs to
be used in spectroscopic detection with dual frequency
combs.

9 CONCLUSION AND OUTLOOK

Based on the strongest molecular tell-tale vibrational
bands, we demonstrated parallel detection and quan-
tification of numerous molecular species in a mixture,
including isotopologues containing *C, 180, 70, BN,
3§, 3§, and ?H (deuterium), with ppb-level sensitivity,
which can be improved to part-per-trillion level. We
believe our demonstration reveals all the benefits of
DCS technique in the mid-IR, including rapid scans
(seconds to minutes), broad spectral coverage, high (sub-
Doppler) spectral resolution, absolute optical frequency
referencing, superior detection sensitivity, discrimination
against other absorbing species, and capability of abso-
lute concentration measurements with no need for prior
calibration.
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